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Description 

FIELD OF THE INVENTION 

[0001] This invention relates generally to the fabrication of dielectrics on semiconductor devices, and more particu- 
larly to methods for reducing capacitlve coupling on a semiconductor device using electrical insulators made of porous 
dielectric materials. 



BACKGROUND OF THE INVENTION 

[00021 Semiconductors are widely used in integrated circuits for electronic devices such as computers and televi- 
sions These integrated circuits typically combine many transistors on a single crystal silicon chip to perform complex 
functions andstoredata. Semiconductor and electronics manufacturers, as well as end users, desire integrated circuits 
which can accomplish more in less time in a smaller package while consuming less power. However, many of these 

f 5 desires are in opposition to each other. For instance, simply shrinking thefeature size on a given circuit from a5 microns 
to 0 25 microns can increase power consumption by 30%. Likewise, doubling operational speed generally doubles 
power consumption. Miniaturization also generally results in increased capacitive coupling, or crosstalk, between con- 
ductors which carry signals across the chip. This effect both limits achievable speed and degrades the noise margin 
used to Insure proper devtoe operation. ^ ^. , . . , * .k«. 

20 [00031 One way to diminish power consumption and crosstalk effects is to decrease the dielectric constant o the 
insulator or dielectric, which separates conductors. Probably the most common semiconductor dielectnc is silicon 
dioxide which has a dielectric constant of about 3.9. In contrast, air (including partial vacuum) has a dielectric constant 
of just over 1 .0. Consequently, many capacitance-reducing schemes have been devised to at least partially replace 

solid dielectrics with air. .u ^ , . u,i^o.i„„ «a= 

25 [00041 U S Pat No. 4,987,101, issued to Kaanta et al., on Jan. 22, 1991, describes a method for fabricating gas 
air) dielectrics, which comprises depositing a temporary layer of removable material between supports (such as con- 
ductors), covering this with a capping insulator layer, opening access holes in the cap. extracting the removable matena 
through these access holes, then closing the access holes. This method can be cumbersome, partially because it 
requires consideration of access hole locations In the design rules and alignment error budget during circuit design 

30 as well as requiring extra processing steps to create and then plug the holes. This method may also create large void 
areas which have essentially no means of handling mechanical stress and heat dissipation. 
[0005] GB-A-2 266 1 81 describes a method of forming an interlayer Insulating film which Includes evenly scattered 
vacancies to thereby reduce an effective dielectric constant of the insulating film. In production, a main matenal of the 
insulating film including particles which comprise a different material from the main material is applied onto a surface 

35 of a wafer where the insulating film is to be fomied. Then, the main material is solidified and the particles are selectively 
etched by an etchant that etches the partteles but does not etch the main material, resulting in the insulating film in 
which vacancies are evenly scattered. . 
[00061 U S Pat No 5.1 03.288, issued to Sakamoto, on Apr 7, 1 992, describes a multilayered winng structure which 
decreases capacitance by employing a porous dielectric with 50% to 80% porosity (porosity is the percentage of a 

40 structure which is hollow) and pore sizes of roughly 5 nm to 50 nm. This structure is typically fomied by depositing a 
mixture of an acidic oxide and a basic oxide, heat treating to precipitate the basic oxide, and then dissolving out he 
basic oxide. Dissolving all of the baste oxide out of such a structure may be problematic, because small pockets of he 
basic oxide may not be reached by the leaching agent. Furthemiore, several of the elements described for use in the 
basic oxides (including sodium and Itthium) are generally considered contaminants in the semiconductor 'nd"stty. 

« as such are usually avoided in a production environment. Creating only extremely small pores (less than 10 nm) may 
be difficult using this method, yet this requirement will exist as submicron processes continue to scale towards a tenth 

[M07l'''Tnotlfermethod of fomiing porous dielectric films on semiconductor.substrates (the temi "substrate" is used 
loosely herein to include any layers fomied prior to the conductor/insulator level of interest) is described in U.S. Pat. 

50 No 4 652 467. Issued to Brinker et al., on Mar. 24, 1 987. This patent teaches a sol-gel technique for depositing porous 
films with wntrolled porosity and pore size (diameter), wherein a solution is deposited on a substrate, gelled, and hen 
crosslinked and densifled by removing thesolventthrough evaporation, thereby leaving a porous dielectnc. This method 
has as a primary objective the densification of the film, which teaches away from low dielectric constant app^cations 
Dielectric fomred by this method are typically 15% to 50% porous, with a pemnanent film thtekness reduction of at 

55 least 20% during drying. The higher porosities (e.g. 40%-50%) can only be achieved at pore sizes which are generalj^ 
too large for such mterocircuit applications. These materials are usually referred to as xerpgels, f "hough the^^^^^^ 
structure Is not a gel, but an open-pored (the pores are generally Intercoonected. rather than being isolated cells) 
porous structure of a solid material. 
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[0008] U S Pat No 5 023,208, issued to Pope et al., on Jun. 1 1 , 1 991 , describes a sol-gel process for fabricating 
large monoliths of silica or ceramic material, wherein cracking of the gel during drying is prevented by subjecting the 
gel to a hydrothermal aging treatment before drying. The gel is heated in an autoclave to a temperature of between 
100° and 300" C. for a time duration of at least about one hour. This hydrothennal aging treatment causes silica (or 
ceramic) particles to migrate and fill the small pores in the porous gel matrix. By this method the capillary forces that 
arise during drying are reduced by eliminating the smallest pores. 

[00091 EP-A-0 537 851 describes a method for preparing high-porosity silica xerogels to be mainly used as a support 
for catalyst and/or other metal systems, wherein silica alcogels are subjected to thermal treatment in the presence of 
organic compounds containing amino and hydroxyl groups. By this method a narrow pore diameter distribution is 
achieved At least 80 % of the total pore volume lies within a diameter range of 1 0 to 30 nm. 
[00101 U S Pat No. 4,169,926, issued to IVIcDaniel, on Oct. 2, 1979, describes a method for producing inorganic 
xerogels suitable as supports for olefin polymerization catalysts, which comprises themnal treatment of hydrogeis with 
oxygen-containing organic compounds of the water-soluble polyfunctional alcohol class. 

[00111 EP-A-0 512 401 describes a method of fomiing low dielectric constant composite laminates filled with molec- 
ularly porous aerogels. The material which includes unifonnly distributed aerogel microspheres having voids in molec- 
ular dimension is prepared by extrusion and standard impregnation and lamination techniques. The aerogel micro- 
spheres are prepared by sol-gel technique and supercritical drying of the sol-gel particulates. 

SUMMARY OF THE INVENTION 

[00121 The present invention provides a method for fomiing highly porous, finely pored (pore diameter of less than 
80 nm and preferably of 2 nm to 25 nm), low dielectric constant (k less than 3.0 and preferably less than 2.0) dielectric 
films for use as semiconductor insulators. Surprisingly, the methods of this invention can provide an extremely low 
dielectric constant insulation structure, formed from a wet gel with controlled shrinkage, without employing exotic pro- 
duction techniques or incurring disadvantages found in other low dielectric constant methods. 
[0013] A previously unrecognized problem in the application of dried gel dielectrtos to microcircuits recognized herein 
is the shrinkage typically observed during gel drying, which may cause mechanical imperfections such as large voids, 
cracks powdering, loose dielectric fragments, and stresses in surrounding structure, as well as densification (and 
increased dielectric constant) of the dielectric layer itsetf. Mechanical imperfections are particularly undesirable (and 
likely) when the porous material is required to fill a high-aspect ratio (height greater than width) gap between adjacent 
conductors, such as those commonly found on submteron integrated circuits, as shrinkage in such gaps may pull the 
dielectric loose from the bottom and/or sides of the trench. The primary undertying cause of xerogel shrinkage during 
drying has now been recognized as resulting from capillary pressure created at the boundary between liquid and vapor 
solvent in the pores during diying. The methods of this invention provide a novel solution for controlling densification 
and other shrinkage effects, which can be easily applied to semiconductor fabrication, resulting in a substantially un- 
densif ied highly porous rigid structure which can be formed even in high aspect ratio geometries. 
[001 4] Some of the other advantages possible with the present invention are: the processing can be done at atmos- 
pheric pressure, which not only simplifies processing but allows the construction of multiple porous layers on the same 
device- the solvents can be removed essentially completely from the porous film; the materials used in the process 
are not harmful to semfeonductor devices; the porous structure can be made hydrophobic (water repelling): high tem- 
peratures are not required at any stage in the application; the dried porous structure has adequate structural strength 
to allow deposition of other layers on top of It; and, importantly, the pores formed in the dielectric can be made small 
enough to allow this method to be used with device feature sizes in the 0.5 to 0.1 mfcron range, or even smaller. 
[0015] The present invention can provide a method for fomiing a porous dielectric film on a semiconductor device 
for the primary purpose of decreasing unwanted capacitive coupling between conductors on the semiconductor device. 
The method Includes the steps defined in claim 1 . Gelation is preferably accomplished by hydrolysis and condensation 
of metal alkoxides, gelling of particulate or colloidal metal oxides, gelation of organic precursors, or a combination of 
these approaches. The method can further comprise aging the wet gel for a predetenmined period of time under con- 
trolled temperature conditions. The method can further comprise performing a solvent exchange on the wet gel to 
remove substantially all water from the gel structure. The method can further comprise reacting the wet gel with a 
surface modification agent. This reaction preferably causes the replacement of at least 1 5% (and more preferably, at 
least 30%) of highly reactive groups (e.g. hydroxyl or alkoxyl groups) present on the internal pore surfaces with more 
stable surface ions (e.g. organic radicals, fluorine. fluorocart)on radfcals). thereby at least partially preventing conden- 
sation reactions between neighboring groups on the internal pore surfaces during drying, and thereby controlling den- 
sification The surface modification may also substantially increase the pore fluid contact angle within the pores of the 
wet gel thereby reducing capillary pressure during non-supercritical drying. The surface modification may also render 
the porous structure hydrophobte. The method can further comprise preferably drying the gelled film at one or more 
sub-critical pressures (from vacuum to near-critical) and more preferably, at atmospheric pressure, or alternately (but 



a 



EP0 684 642B1 



10 



not preferably) drying the gelled film under supercritical conditions. 
BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] This invention, including various features and advantages thereof, can be best understood by reference to 
the following drawings, wherein: 

FIG 1 shows a block diagrHm of the steps in a typical embodiment of the invention; 
FIGS 2A.2D Show cross-sectional illustrations of a solvent-filled pore, before and during solvent evaporation; 
FIGS. 3A-3D show cross-sections of a portion of a semiconductor device, illustrating several steps In the application 

of an embodiment of the invention to a typical device; . 
FIGS. 4A-4C show cross-sections of another semiconductor device, illustrating two separate applications of the 

present Invention; ^. ,„«,„k, 

FIG. 5 shows a cross-section of another structure fornied with the methods of the current invention, with a relatively 
15 thick porous dielectric and a relatively thin non-porous dielectric; 

FIG. 6A-6H show cross-sections of yet another semfconductor device with a non-porous dielectric formed by two 

FiaTshows a cross-section of a semiconductor device containing a passivation layer which isolates a porous 
dielectric layer from direct contact with the conductors; and . ^ 

20 FIGS. 8A-8D show cross-sections of a semteonductor devfce with dielectric spacers affixed to the tops of conduc- 
tors. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

25 [001 7] Typical embodiments of the invention may be comprised of the steps shown in Figure 1 , although not all steps 
shown may be required in a given embodiment. Furthemiore, materials may be substituted in several of the steps to 
achieve various effects, and processing parameters such as times, temperatures, pressures, and relative concentra- 
tions of ingredients may be varied over broad ranges. In Figure 1 , various precursor solutions (some of which are 
described in detail in the specific examples) may be mixed, and then applied to a substrate upon which a layer of 
30 pattemed conductors has been fomied. The method of application may be, for example, a spin-on technique m a 
controlled atmosphere which limits solvent evaporation. The object of the application In at least one embodiment is to 
iom a layer of the precursor which will at least substantially fill the gaps between adjacent conductors. The precursor 
solution is allowed to gel on the substrate, a process which typically takes from 1 minute to 12 hours depending on 
the solution and method of gelling. The wet gel can be allowed time to age, generally about a day (although i may be 
35 much shorter), at one or more controlled temperatures. If the wet gel contains water, one or more washing steps can 
be used to perfomi a solvent exchange on the gel, thereby removing the water but leaving the gel in a we state. The 
solvent may be either a protic (e.g. ethanoi) or an aprotlc (e.g. acetone or hexane) solvent. The wet gel is then be 
reacted with a surface modification agent (the effects of the surface modification step will be explained betow) by a 
method such as immersing the structure in a mixture containing the surface modification agent and a solvent in which 
40 the modification agent Is soluble. This solvent must also be miscibie with the solvent already present in the wet gel. 
Another solvent exchange may be subsequently used to remove excess surface modlficatiori agent rem the struc ure^ 
The solvent is allowed to evaporate out of the gel. leaving a porous dielectric structure. If the film is ■substantially 
undensifled during drying, the dried gel exhibits essentially the same structure as the wet gel (the dned film thicl<ness 
is substantially the same as the wet gel film thickness). The porous dielectric may finally be capped with a non-porous 
45 insulation layer, as detailed in the specific examples. o 

[00181 Referring to Figure 2A, a cross-section of a single pore 12 in a wet gel structure 10 is shown, with a liquid 
pore fluid 14 filling pore 1 2. Figure 2B shows the same pore undergoing evaporation of the pore fluid. A phase change 
(from liquid to vapor) is illustrated by the fomiatlon of a meniscus 18. whtoh Is shown as a crescent-shaped boundary 
between liquid pore fluid 14 and vapor 16 fomied during evaporation. The meniscus Is an indication of the surface 
50 tension of the pore fluid exerting an inward (usually, although some fluids can exert ouhvard) pressure on the waJIs of 
the pore This capillary pressure Pcan be related to the pore fluid surface tension Ts, the contact angle q (the angle 
at which the fluid meniscus contacts the surface of the pore), and the pore radius r, by the equation 



The difficulty In maintaining the Integrity of extremely small pores (small /) during drying is evident from this equation. 
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since every halving of radius r doubles the pressure on the pore walls. Unfortunately, a porous dielectnc suitable for 
use between conductors should contain pores at least an order of magnitude smaller than the Interconductor gap (r 
approximately 10 nanometers for a 0.2 micron gap, for example). Adjusting pore size upwards to relieve capillary 
pressure Is therefore a limited option for mlcroeiectronic applications. On the other hand, simply allowing pores to 
5 collapse from the capillary pressure results in excessive shrinkage, with the corresponding densHicatlon of the dielectric 
defeating the primary purpose of the method (reducing dielectric constant) as well as preventing good surface adhesion. 
[00191 To circumvent thecapiilary pressure problem in monolithic xerogel synthesis, the aerogel technique has been 
developed. Generally, this variation of the xerogel technique removes a solvent from a wet gel under supercritical 
pressure and temperature conditions. By removing the solvent in the supercritical region, vaporization of the liquid 
10 solvent does not take place; instead, the fluid undergoes a constant change in density during the operation, changing 
from a compressed liquid to a superheated vapor with no distinguishable state boundary. This technique avoids the 
capillary pressure problem entirely, since no state change boundaries ever exist in the pores. Adapting the aerogel 
technique to semiconductorfabrication appears to be problematic and expensive; typical solvent candidates have high 
critical pressures (e g. ethanoi, 924 psi, carbon dioxide, 1071 psi) which make application difficult in most circumstanc- 
15 es For instance these pressures may tend to crush previous layers of porous dielectric capped under atmospheric 
pressure or force the wet gel into the pores of previous porous dielectric layers left uncapped, and may require con- 
tainment of the wet gel at the edges of the wafer to prevent the gel from being squeezed off the wafer before the gel 
can be dried. Nevertheless, a highly porous, finely pored dielectric structure may be formed by this process under 
some conditions, making this supercritfcal technique possibly useful in the practice of the present invention. 
20 [00201 As an altemativeto this, the present invention includes a group of novel techniques are applied at a range of 
pressures from vacuum to near-critical, with atmospheric pressure being preferable due to ease of handling and com- 
patibility with previous porous layers. One similarity in these techniques is that a surface modification step is performed 
on the wet gel replacing a substantial number of the molecules on the pore walls with those of another species. This 
surface modification typteally replaces reactive surface groups such as hydroxyls and alkoxyls with more stable surface 
25 groups such as methyl groups, thereby controlling undesirable condensation reactions (and shnnkage effects) during 
qel drying Figure 2C shows a cross-section of a pore after the surface modification step; portions of gel 10 which are 
on the surface of pore 12 (labeled as region 20) now contain a different species. It has been discovered that by con- 
trolling the percentage of reactive surface groups replaced during the surface modification, the final shnnkage may be 
adjusted from the large shinkage typical of an unmodified xerogel (with uncontrolled shrinkage) to a shrinkage of only 
30 a few percent, heretofore only achievable with an aerogel technique. Typically, approximately 30% of the reactive 
surface groups must be replaced to substantially alleviate denslfteation. Furthermore, the replacement surface species 
may be chosen because of its wetting properties in combination with specific pore fluids; thus in Figure 2D, meniscus 
1 8 Is significantly flatter than that of Figure 2B, resulting in a pore fluid contact angle closer to 90 degrees. As the fluid 
contact angle approaches 90 degrees, the cosine of the contact angle q goes to 0, and the capillary pressure P of 
35 Equation 1 is reduced proportionally. It is believed that the surface modification prevents surface condensation reac- 
tions and may also reduce capillary pressure by changing pore fluid contact angle, thereby allowing pores in the 
surface modified gel to better survive drying. This novel technique can produce a dieiectrte layer, at atmosphenc pres- 
sure with average pore diameter, porosity, and overall shrinkage resembling those of supercritically-dried aerogels. 
[0021] An additional benefit of the surface modification can be hydrophobicity. It has been found that, for example, 
40 replacing only 1 5% of the reactive surface groups with methyl groups may be sufficient to cause the structure to be 
hydrophobic This is an important feature for any material used in semiconductor processing, but particuiariy so for 
porous materials. If the porous surfaces are left hydrophiiic (water-wanting), the structure is in many ways analagous 
to a common household sponge, which may hold many times Its weight in water. However, the extremely small pore 
sizes allow a hydrophiiic porous dielectric to rapidly gather water out of the surrounding air, the prevention of which 
45 would be an added difficulty during devtee fabrication. By making the pores hydrophobic before the gel is dned, these 
types of difficulties may be avoided. ^ . ^ •„ „, 

[00221 in accordance with the present invention. Figures 3A-3D show cross-sections of a semiconductor device at 
various stages during fabrication. During the description of the embodiments, use of the word wafer will imply a wafer 
as used in conventional semiconductor processing, with at least the illustrated semteonductor devtee incorporated 
50 therein In Figure 3A. three patterned conductors 24 (e.g. of aluminum alloyed with a small amount of copper) are 
shown fomied on an insulating layer 22, which may contain vias orthrough holes (not shown) for providing electncal 
contact between conductors 24 and lower layers of the devtee. A precursor solution 26 is shown disposed between 
conductors 24. after application to the wafer, for example, by a spin-on technique. The precursor may be prepared, for 
example by the following 2-steD orocess. First, TEOS stock, a mixture of tetraethyiorthosilicate (TEOS), ethanoi. water, 
55 and HCI.' In the approximate molar ratio 1 :3;1 :0.0007, is prepared by stirring these ingredients under constant reflux 
at 60 degrees C for 1 .5 hours. Secondly. 0.05 M ammonium hydroxide is added to the TEOS stock, 0.1ml for each ml 
of TEOS stock. Since the addition of the ammonium hydroxide to the stock greatly increases gelation rate, the solution 
must be quickly applied to the wafer (it may be possible to switch the order of these two steps). After the solution is 
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applied to the wafer care should be taken to insure that the thin film does not dry prematurely; preferably, the wafer 
containing the solutlon/gel remains Immersed either in liquid or in a saturated atmosphere at all times priorto the drying 
stage Gelation and aging may preferably be accomplished by letting the device sit in a saturated ethanol atmosphere 
for approximately 24 hours at about 37 degrees C. Next, the water may be removed from the wet gel, preferably by 

5 immersing the wafer in pure ethanol. The surface modification step is then be perfomned, preferabty by immersing the 
wafer In a hexane solution containing about 10% by volume trimethylchlorosilane (TMCS). After a bnef reaction time, 
the unreacted surface modification compound Is usually removed by immersing the wafer In an aprotic solvent (e.g. 
acetone hexane) and allowing excess solvent to drain. After this solvent exchange, solvent is finally allowed to evap- 
orate from the wet gel 26. This may produce a structure similar to that of Figure 3B, which illustrates the dried gel now 

10 forming a porous dielectric layer 28, and also illustrates the few percent shrinkage typical of this method (the dried 
porous film thickness is only sligl^tly less than the wet gel thickness). One advantage of this and similar embodiments 
Is that the surface-modified porous dielectric layer is hydrophobic, whereas an otherwise similar supercntically-dried 
aerogel (without surface modification) tends to be hydrophllic unless subsequently treated. 
[00231 It Is preferable to, as shown In Figure 3C, cap porous layer 28 with a substantially non-porous dielectnc layer 

15 30 to seal the open-pored structure, mechanically reinforce the devtee, and to provide a non-porous layer for via etching 
and constructing further metal/dielectric layers. This layer may be comprised of silicon dioxide, silicon nitride, a com- 
posite layer having silicon dioxide and silicon nitride sublayers, silicon oxynitride, an organic insulator, or similar ma- 
terials applied by a method such as chemical vapor deposition (CVD) or as a spin-on glass (SOG). Figure 3D shows 
a via etched through non-porous layer 30 and filled with a conducting material to provide a metal-filled via 32, thereby 

20 providing a means for electrical connection between a conductor 24 and a second layer of patterned conductors 34 
■ one of which is shown. The non-porous layer in this embodiment fomns the majority of the Interlayer dielectric. Although 
the solid dielectric may provide little or no reduction In layer-to-layer capacitance, excellent Interiayer mechanical prop- 
erties ate maintained. This Is preferred, because it achieves low intralayer capacitance and, at the same time, generally 
retains mechanlcalpropertiesofacompletelysolidintra/interiayerdlelectric. This recognizes that intralayer capacitance 

25 reduction is much more Important than interiayer capacitance reduction. 

[0024] Figures 4A-4C show a second embodiment with a different dielectric configuration. Figure 4A shows a stmc- 
ture similar to that of Figure 3C, with the one exception being that non-porous dielectric layer 30 is too thin to fomfi the 
Interiayer dielectric. Referring to Figure 4B, a second porous dielectric layer 36 is created, for example, by coating 
non-porous dielectric layer 30 with a non-gelled precursor solution and repeating the steps of Figure 1 . A cap layer 38 

30 may be deposited over second porous layer 36. as shown In Figure 4C. Cap layer 38 may be formed, for instance, 
using similar materials and processes as those used to create non-porous layer 30. This embodiment can provide a 
substantially lower interiayer dielectric constant than the previous embodiment, possibly at the expense of some stmc- 
• tural strength. However, the non-porous and cap layers can help control via formation, and the cap layer can provide 
a solid foundation for additional conducting layers. i, . >h 

35 [00251 Figure 5 Illustrates an embodiment with only one porous and one non-porous dielectric layer, but with the 
intralayer and most of the Interiayer dielectric generally fomied by the porous layer. Porous dielectric layer 28 is pref- 
erably fomied by increasing the deposited depth of the coating solution to completely cover the conductors to about 
the depth (measured from substrate 22) required to fomn the interiayer dielectric. This process may require depositing 
and gelling solution several times to build the required insulatorthickness. Porous dielectric layer 28 may then be dried 

40 In accordance with one of the methods of the Invention. A non-porous layer 30 may be applied over porous layer 28, 
for instance, using similar materials and processes as those used to fomi non-porous layers In the previous embodi- 

[0M61 Figures 6A-6F show cross-sections of a device constmction useful for porous Intralayer dielectrics. Figure 
6A again shows patterned conductor 24 on a substrate 22. By a method such as those disclosed above, for example, 

45 a porous dielectric Iayer28 Is constructed to fill gaps between and cover conductors 24. with the dried structure possibty 
resembling Figure 6B, Figure 6C shows the structure after removal of a top portion of porous layer 28 to preferably 
expose the tops of conductors 24. The material removal may be accomplished, for example, by a controlled chemical 
etch such as HF plasma etching, with concentrations and etch times strongly dependent on the dielectnc porosity 
Alternately, the material removal may be done with a mechanical polisher, using, for example, an aqueous colloidal 

50 suspension of silica. Thfe recognizes that it may be easier (and therefore preferable) to deposit a thicker porous layer 
and etch it back than to more precisely deposit the porous layer only In the gaps between conductors. Figure 60 shows 
a step of depositing, preferably by a chemical vapor deposition (CVD) technique, a confomial sublayer 56. of silicon 
dioxide for example, directly over the porous dielectric layer 28 and the conductors 24. A dry-processed CVD layer, 
which would primarily deposit near the top of the porous layer, may be preferable to spin-on glass (SOG), which niay 

55 contain solvents capable of wetting the pores In porous layer 28. However, CVD is not partlculariy planarmng, and is 
a relatively slow method for fonning a thick dielectrto. Figure 6E Illustrates how a non-porous dielectric 30 may be 
applied over conformal sublayer 56. for example as an SOG oxide, to quickly complete a planarized interiayer dielectric. 
[0027] Figure 6F shows the structure after deposition and patterning of a photoresist mask 50. This prepares the 
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wafer for the etch of via 52 through layers 30 and 56. as shown in Figure 6G. An advantage of this embodiment is that 
via 52 does not pass through porous dielectric 28, which may be a difficult material to pattem precisely. Finally, Figure 
6H shows a metal-filled via 32 and one of a second layer of patterned conductors 34, electrically connected by nietal- 
filled via 32 to one of patterned conductors 24. This embodiment of the invention can provide excellent intralayer 
capacitance reduction, a good mechanical bond between porous and non-porous dielectrics, a stralghtfonward con- 
struction technique with largely conventional via fomiation, and a planarized, non-porous Interlayer dielectric with good 
mechanical and heat transfer characteristics. H,,^t«ro 
[00281 ngure 7 is included to illustrate an embodiment wherein porous dielectric layer 28 is isolated from conductors 
24 by a relatively thin confomial passivation layer 54, which may be formed, for example, of a CVD silicon dioxide. 
This layer may be advantageous in several embodiments. In an embodiment such as that of Figure 6. layer 54 may 
be removed from the tops of conductors 24 during etchback of porous dielectric 28. 

[00291 Figures 8A-8D illustrate an additional embodiment which includes dielectric spacers. In Figure 8A, conductors 
24 are pattemed with dielectric spacers 58 on top of them. The spacers are preferably fomned of the same material 
used in non-porous layer 30 (shown on Figure 8D). This may be accomplished by depositing a conducting layer, over- 
lavinq this with a dielectric layer of a material such as silicon dioxide, and patterning both with one mask. In Figure 8B. 
a porous dielectric layer 28 has been fomied to preferably cover spacers 58, as shown. Figure 8C shows the device 
after a top portion of porous dielectric 28 has been removed. This step preferably exposes the tops of the spacers, 
and as Figure 8C illustrates, in practice a top portion of spacers 58 will probably be removed as well. Finally, Figure 
8D shows the device after non-porous dielectric 30 has been deposited over the structure to complete the interiayer 
dielectric. An advantage of this embodiment is that the addition of the spacers allows the removal of a top portion of 
the porous dielectric, without the possibility of removing a portion of the conductors. This structure may also result in 
lower crosstalk, as compared to the embodiment of Figure 6. 

[0030] The following table provides an overview of some embodiments cross-referenced to the drawings. 



Drawing 

Bl Ann Ant 


Preferred or Specific 
Exempies 


Generic Term 


Other Aiternate Examples | 


22 


Previous interlayer dielectric 


Substrate 


Previously-fomfied layers of a 
semiconductor device 


24,34 


AlCu alloy and/or refractory 
metal 


Conductors 


Al. Cu, Mo, W, Ti, and alloys of 
these Polysilicon, sillcides, 
nitrides, carbides 


26 


TEOS stock 


Precursor solution 


Solution of particulate or 
colloidal silicon, gemnanlum, 
titanium, aluminum silicate 
ratioed TEOS/MTEOS 
(methyltriethoxysilane) stock, 
ratioed TEOS/BTMSE 
(1 ,2-Bis(trimethoxysilyl) 
ethane) stock 


28,36 


Surface-modified dried gel 


Porous dielectric layer 


Supercritically-dried aerogel, 
other fine-pored porous 
dielectrics 


30,38 


Silicon dioxide 


Non-porous dielectric layer 


Other oxides, B or P-doped 
Si02, silicon nitride, silicon 
oxynltrlde Parylene, 
polyimides, organic- 
containing oxide 


32 


AlCu alloy and/or refractory 
metal 


Metal-filled via 


Same as conductors above 


50 




Photoresist 




54 


Silicon dioxide 


Passivation layer 


Silicon nitride, silicon 
oxynltrlde 



40 



45 



50 



55 
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(continued) 



Drawing 
Element 


Preferred or Specific 
Exampies 


UldlVllw Id III 


Other Alternate Examples 


56 


Silicon dioxide 


Conformal sublayer 


Silicon nitride, silicon 
oxynitrlde, organic-containing 
oxide 


58 


Silicon dioxide 


Dielectric spacers 


Same as non-porous 
dielectric layer 



[0031] The invenUon is not to be construed as limited to the particular examples described herein, as these are to 
be regarded as illustrative, ratherthan restrictive. The invention Is intended to cover all processes and structures which 
do not depart from the scope of the invention. For example, one skilled in the art could apply one of the many other 
published methods of Initially fonning a wet gel from an appropriate precursor to this invention. Alternately, one could 
substitute organics for a portion of the silica while, for example, still having a material which was principally silica (less 
than 50 atom percent of the silicon being replaced). Properties of some of the specific examples may be combined 
without deviating from the nature of the invention. 



Claims 

1. A method of forming a porous dielectric between at least two adjacent conductors on a layer in an Integrated 
semiconductor device comprising: 

filling the gap between the said conductors with a solution capable of fomiing a wet gel; 
gelling said solution to form a wet gel, said wet gel containing pores an-anged in an open-pored structure; 
reacting said wet gel with a surface modification agent to replace at least 15% of reactive groups on the surface 
of said pores with substantially stable surface groups; 

and drying said wet gel to form a substantially undensifledporous dielectric layer, whereby unwanted conden- 
sation reactions and the densification of said wet gel during said drying step are controlled by said reacting 
step said porous dielectric layer having a dielectric constant less than 3.0 and a pore diameter of less than 
80 nm whereby the capacitive coupling between said conductors Is substantially reduced compared to a solid 
silicon dioxide dielectric. 

2. The method of claim 1 , further comprising after said gelling step, washing said wet gel with a solventto substantially 
remove any water contained in said wet gel. 

3. The method of claim 2, wherein said reactive groups include hydroxyi groups. 

4. The method of claim 2 or claim 3. wherein said stable surface groups are organic radicals. 

5. The method of any of claims 2 to 4. wherein said drying step occurs at one or more subcrltical pressures. 

6. The method of any of claims 2 to 4. wherein after said reacting step, unreacted portions of said surface modification 
agent are removed from said wet gel. - 

7 The method of any preceding claim, wherein said gelling step is accomplished by methods selected from the group 
consisting of: hydrolyzing and condensing metal alkoxides, gelling of particulate or colloidal metal alkoxides, and 
gelling of organic precursors, or a combination thereof. 

8 The method of any preceding claim, wherein said gelling step further comprises aging said wet gel for a predeter- 
mined period of time at one or more temperatures lower than the boiling point of a solvent contained in said wet gel. 

9. The method of any preceding claim, further comprising providing said pores in said porous dielectric having diam- 
eters in the approximate range of 2 nm to 25 nm. 
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•10. The method of any preceding claim, furthercomprlsing said porous dielectric comprising principally silicon dioxide. 
PatentansprUche 

1. Verfahren zum Bilden eines porosen Dielektrlkums zwischen mindestens zwei benachbarten Leitem aut einer 
Schlcht In einem integrierten Halbleiter-Bauelement, aufwelsend: 

Fullen des Zwischenraums zwischen den Leitem mit einer Losung, die in der Lage ist, ein feuchtes Gel zu 
bilden, 

Gelieren der Losung zur Bildung eines feuchten Gels, welches in einer offenporigen Struktur angeordnete 
Poren enthalt, 

Reagieren des feuchten Gels mit eInem Oberflachenmodiflkationsmittel zum Ersetzen von mindestens 15 % 
der reaktiven Gruppen an der Oberflache der Poren durch Im wesentlichen stabile Oberflachengruppen und 
Trocknen des feuchten Gels zur Bildung einer erhebilch dichtevermlnderten porosen dielektrischen Schlcht. 
wobel unenwOnschte Kondensationsreaktionen und die Verdichtung des feuchten Gels wahrend des Trock- 
nungsschrltts durch den Reaglerschritt gesteuert werden, wobel die porose dielektrische Schlcht eine Dielek- 
trizltfitskonstantevdnweniger alsS.Ound elnen Porendurchmesservonweniger als 80 nm aufweist, wodurch 
die kapazitive Kopplung zwischen den Leitem im Vergleich zu einem massiven Siliciumdioxid-Dielektnkum 
erheblich verrlngert Ist. 

2. Verfahren nach Anspruch 1 . welches welter nach dem Geiierschritt das Waschen des feuchten Gels mit einem 
Losungsmittel, urn im wesentlichen alles im feuchten Gel enthaltene Wasser zu entfemen. aufweist. 

3. Verfahren nach Anspruch 2, wobei die reaktiven Gruppen Hydroxylgruppen aufweisen. 

4. Verfahren nach Anspruch 2 Oder 3. wobei die stabilen Oberflachengruppen organlsche Radikale sind. 

5. Verfahren nach einem der Anspruche2 bis 4. wobel derTrocknungsschrittbel einem oder mehreren unterkritischen 
Drucken auftritt. 

6. Verfahren nach einem der Anspruche 2 bis 4, wobei nach dem Reagierschritt nicht reaglerte Abschnitte des Ober- 
fiachenmodiflkationsmittels von dem feuchten Gel entfernt werden. 

7 Verfahren nach einem der vorhergehenden Anspruche, wobei der Geiierschritt durch Verfahren erreicht wird, die 
aus der aus dem Hydrolisieren und Kondensieren von Metallalkoholaten, dem Gelieren teilchenfomriiger Oder kol- 
loidaler Metallalkoholate und dem Gelieren organischer Vorstufen oder einer Kombination von diesen bestehenden 
Gmppe ausgewahit werden. 

8 Verfahren nach einemdervorhergehenden Anspruche, wobelderGelierschrittwelterdasAitemdesfeuchtenGels 
uber einen vorgegebenen Zeitraum bei einer oder mehreren Temperaturen, die niedrlger sind als der Siedepunkt 
eines in dem feuchten Gel enthaltenen Losungsmittels, aufweist. 

9. Verfahren nach einem der vorhergehenden Anspruche. welches welter das Bereitstellen der Poren in dem porosen 
Dielektrikum mit Durchmessern Im Bereich von etwa 2 nm bis 25 nm aufweist. 

10. Verfahren nach einem der vorhergehenden Anspruche. welches weiter das porose Dielektrikum aufweist. welches 
im wesentlichen Siltelumdioxld aufweist. 



Revendicatlons 



1 . Proc6d6 de fonnation d'un di^iectrique poreux entre au moins deux conducteurs adjacents sur une couche dans 
un dispositif int6gr6 h semi-conducteur comprenant : 

le remplissage de I'intervalle entre lesdits conducteurs avec une solution capable de former un gel humlde ; 
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g6lifler ladite solution pour former un gel humide, ledit gel humlde contenant des pores agenc6s dans une 
structure ^ pores ouverts ; 

faire r6agir ledit gel humide avec un agent de modification de surface pour remplacer au moins 15% des 
groupes r6actifs sur la surface desdits pores avec des groupes de surface substantiellement stables ; et 

secher ledit gel humide pour former une couche dielectrique poreuse substantiellement non densifl6e. de 
manl^re que des reactions de condensation non souhait6es et la densification dudit ge! humide pendant ladite 
6tape de s6chage sent contr616es par ladite etape de reaction. ladite couche dielectrique poreuse ayant une 
constante dielectrique inf6rieure h 3,0 et un diamfetre de pores de moins de 80 nanometres, de sorte que le 
couplage capacitif entre lesdits conducteurs est substantiellement r6dult compare & un dielectrique de dioxyde 
de silicium solide. 

2. Proc§d6 selon la revendicatlon 1, comprenant en outre, aprfes ladite 6tape de g6lification, ie lavage dudit gel 
humide avec un solvant pour retirer substantiellement toute.l'eau continue dans ledit gel humide. 

3. Proc6d6 selon la revendicatlon 2, dans lequel lesdits groupes r6acllfs Incluent des groupes hydroxyles. 

4. Proc6d6 selon la revendicatlon 2 ou 3. dans lequel lesdits groupes stables de surface sont des radicaux organlques. 

5. Precede selon I'une quelconque des revendlcations 2^4, dans lequel ladite 6tape de s6chage se prodult a une 
ou plusieurs pressions subcritiques. 

6. Precede selon I'une quelconque des revendlcations 2 a 4. dans lequel aprfes ladite etape de reaction, les parties 
n'ayant pas reagi dudit agent de modification de surface sont retirees dudit gel humide. 

7 Precede selon I'une quelconque des revendlcations prec6dentes, dans lequel ladite etape de gelification est ac- 
complie par des precedes selectlonnes dans le groupe consistant en : hydrolyse et condensation d'alkoxydes 
metalliques, gdlification de partlcules ou d'alkoxydes m6talliques colloidales. et g6llfication de pr6curseurs orga- 
nlques oud'une combinalson de ceux-ci. 

8 Proc6d6 selon I'une quelconque des revendlcations pr6c6dentes. dans lequel ladite 6tape de g61lficatlon comprend 
en outre le vieillissement dudit gel humide pendant une periode de temps predetermin6e a une ou plusieurs tem- 
peratures inferleures au point d'ebullition d'un solvant contenu dans ledit gel humide 

9. . Precede selon I'une quelconque des revendlcations precedentes, comprenant en outre la realisation desdits 
pores dans ledit dielectrique poreux avec des diametres dans la gamme approximativement de 2nm a 25nm. 

10. Precede selon I'une quelconque des revendlcations prdcedentes, dans lequel en outre ledit dielectrique poreux 
comprend princlpalement du dioxyde de silicium. 
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Fig.1 
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Fig. 2A 
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Fig. 4 A 
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Fig. 6D 
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Fig.6G 
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